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INTRODUCTION 
This  document constitutes the Th i rd  Quarter ly  Report  of the work 
being performed under Thermo Electron 's  Contract No. 951263 with the 
Je t  Propulsion Laboratory.  
The objectives of this program a r e  twofold, and a r e  t o  be reached 
under two task  effor ts ;  they a re :  
I. T o  develop a converter of the design used under T a s k  I1 of 
Contract No. 950671, which is  capable of delivering a power 
output of 20 watts/cm 
efficiency of 1670~ 
2 
at one volt, with a minimum measured  
11. T o  develop a prototype s t ructure  of a 14700-efficient, multi-  
converter generator capable of operation in cislunar space 
with a concentrator 9. 5 f t  in diameter ,  which uses  the con- 
v e r t e r s  developed under T a s k  I. 
Task  I centers  on the iterative construction of 9 engineering models 
of a so la r -energy  thermionic converter. The  aim of the first model is  t o  
par t ia l ly  duplicate the best  converter developed under Task  II of Contract 
No. 950671. 
tion of a modification in the heat-transfer path of the col lector-radiator  
s t ruc ture  to a s s u r e  efficient and reliable heat t ransfer .  The fourth and 
fifth are intended to  effect a change in the materials of the  convoluted 
emi t te r  s t ruc ture  whereby the entire s t ruc ture  will  be made  of rhenium. 
The sixth and seventh converters  will provide a study of two new collector 
mater ia l s ,  and the eighth will be a f inal  prototype incorporating a l l  the 
features  found to  improve performance in the course  of the work. The 
The second and third a r e  principally geared  to  the incorpora-  
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ninth prototype will duplicate the eighth except that  the interelectrode i 
spacing may be changed in order  t o  make a performance comparison. 
Task  I1 involves a generator flux analysis,  a shielding evaluation, 
and a mock-up environmental test based on a selected generator  design. 
The analysis will determine the best number of converters  to  match the 
converter heat requirements  to the available so la r  energy, the optimum 
cavity ape r tu re  s ize ,  the required adjustments of sur face  emissivity and 
absorptivity values to  ensure  even flux distribution, and the effects of 
changes in emi t te r  tempera ture  and heat input on flux distribution within 
the generator .  The  shielding t e s t  is  p r imar i ly  intended to  verify design 
assumptions on shielding heat losses ,  and to  select  a p re fe r r ed  shield 
configuration. The mock-up environmental t e s t s  will  be conducted to  
explore all a r e a s  of possible s t ructural  weakness t o  vibration, shock, 
accelerat ion and acoustical  environments, and effect the design changes 
indicated. 
This  repor t  covers  p rogres s  for  the period June 1, 1966 to  
September 3 ,  1966. 
2 
3 
T H E R M 0  E L E C T R O N  1 
ENGINEERING C O R P O R l T l O N  J 
SUMMARY 
During the th i rd  quar te r ,  the third and fourth thermionic converter 
engineering models,  T-203B and T-204, were  fabricated and tested.  Both 
converters  exhibited substantially better performance than the previous 
models.  Converter T-204 was able to  deliver an  output of 29 amperes  
a t  1. 0 volt at 1724°C hohlraum temperature  and in steady s ta te ,  in spite 
of the lowered emi t te r  temperature  of 1961°K caused by the higher t he r -  
ma l  res i s tance  of a solid rhenium emitter.  
The fabrication of T-204 included the test of a n  al l - rhenium emit ter  
s t ruc tu re  which was successfully cycled through 10 fast  thermal  cycles 
to  1780°C at the hohlraum. Fur thermore ,  chromium carbide and z i r -  
conium carbide were  evaluated as possible a l ternate  radiator  coatings 
to  chromium oxide, but both mater ia l s  were  found to  have only 6070 of 
the emissivi ty  of chromium oxide. 
No work under T a s k  I1 was scheduled for  this  period, and none was 
performed. 
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1. 1 Fabrication of Converter T -203B 
As mentioned in the previous quarter ly  repor t ,  the f i r s t  at tempts 
a t  the fabrication of this converter, identified by the se r i a l  numbers 
T-203 and T-203A, were  not successful. Both prototypes leaked after 
outgassing a t  the palladium b raze  between the molybdenum collector 
and the niobium inner sea l  flange. 
sult  of improper flow of the palladium braze  and excessive collector 
outgassing temperature .  Consequently, the emi t te r  s t ructure  of T -203A, 
consisting of the p r e s  sure-bonded electropolished and electro-etched 
rhenium sheet and i ts  tantalum substrate,  was salvaged, checked for  
f la tness  and used in the fabrication of T-203B. T o  avoid a repetition 
of the previous two fai lures ,  converter T-203B was assembled with a 
carefully selected collector subassembly with good braze  flow, and i ts  
outgassing was f i r s t  performed with a collector tempera ture  of 660°C 
instead of 800°C. 
and the vac-ion reading at the end of outgassing was 8 x 10 t o r r ,  hot, 
and 1 x 10 t o r r ,  cold; After the  converter was charged with cesium, 
initial t es t s  showed that it had a leak located at the final pinch-off. The 
converter was  then opened at the location of the leak and placed in a 
vacuum furnace for  2 hours  a t  500°C to remove any t r a c e s  of possible 
cesium compounds. A new tubulation was attached for outgassing, and 
the final outgassing was performed for 16 hours  with a collector tempera-  
t u re  of 627°C. The final p re s su re  readings were  16 and 8 x 10 t o r r  
in the hot and cold conditions. 
schedule of 5 hours  at 200°C. 
The fai lure  was found to  be the r e -  
The  outgassing t ime was approximately 24 hours  
- 7  
-7 
- 7  
The ces ium distillation followed the usual  
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The collector of this converter was chemically etched with a room- 
tempera ture  solution of 50 pa r t s  H 0, 20 par t s  HNO and 30 par t s  H SO 
This  was the first t ime  this modification had been used. The radiator  fins 
w e r e  coated with the specified zirconium carbide coating that had been used 
for T-201 and T-202. Subsequent analysis showed, however, that  the 
supplier of the coating ma te r i a l  had substituted chromium carbide for  
zirconium carbide. Therefore ,  T-201, T-202 and T-203B have chromium 
carbide radiator  coatings, 
2 3' 2 4' 
1. 2 Fabricat ion and T e s t  of All-Rhenium Emit te r  Structure  
Two attempts were  made at electron-beam welding a s t ruc ture  of 
the type of Design IV, Dwg. 555-1000 (F igure  1, First Quarter ly  Report) ,  
in which an  outer seal flange of niobium is joined t o  a n  intermediate emit-  
t e r  support of rhenium by melting the edge of the niobium mate r i a l  and 
allowing it t o  wet the rhenium piece without melting it. The r eason  the 
rhenium is not allowed to  mel t  and alloy with the niobium metal is that 
under such conditions it will f o r m  a brit t le intermetall ic,  and the weld 
will c r ack  upon cooling, 
fa r  away f r o m  the rhenium that additional beam power was  required to  
cause generous melting of niobium, with the expectation that the liquid 
meta l  would eventually reach the rhenium and wet it. 
both assembl ies ,  when the additional power was applied the rhenium 
melted and alloyed with the niobium. 
of the resulting assemblies .  
In these two attempts,  the niobium expanded s o  
Unfortunately, in 
F igure  1 shows the detail of one 
Subsequent discussions with the JPL Technical Representative led 
to  a modification of design for this s t ruc ture  which amounted to  a shift 
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f r o m  Design IV to Design 111 (Dwg. 555-1000, F igure  7, First Quarter ly  
Report) .  As noted in the drawings describing Design 111, the first weld 
where the niobium is melted onto the rhenium is in a region near  a sub- 
s tant ia l  c r o s s  section of niobium, so that radial  expansion of the niobium 
is apt to  be res t ra ined  by the cooler surrounding mater ia l .  The weld 
at tempts  were  successful except that  the niobium l ip  to  be melted was 
s o  shor t  that a substantial amount of beam power impinged on the outer 
corner  of the niobium flange and caused it to melt. 
F igure  2. 
with the electron-beam welding of the intermediate rhenium emit ter  
support t o  the outer rhenium flange. 
by electron-beam welding but they were  successful.  
the extreme c a r e  required by the end-weld of concentric thin-walled 
rhenium tubes by electron-beam welding, it was decided to  use  hel iarc  
welding in the future, and the next weld of the inner emit ter  support to  
the intermediate emi t te r  support, on the s a m e  assembl ies ,  was attempted 
by he l i a rc  welding. The weld failed because of misalignment of pa r t s  due 
to  improper dimensional specification of tne par t s .  
F igure  3 ,  s'scalloping" occurred,  because the edge of one of the rhenium 
tubes was located higher than that of the other,  and the edge of that tube 
had to be completely melted away before the weld to  the other tube could 
take place. 
pronounced that the  molten rhenium made contact a t  s eve ra l  points with 
the niobium of the outer sea l  flange, and alloyed with it. Therefore ,  the 
final assembl ies  w e r e  unusable. 
This  is shown in 
Since the s t ruc tures  were still usable, the effort proceeded 
These  welds were  difficult to  make 
In o rde r  t o  eliminate 
As can be seen in 
The localized collection of beads of molten me ta l  was s o  
Consequently, new pa r t s  were made with modifications to  avoid the 
above problems, and one assembly including an electropolished rhenium 
7 
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Figure 3 .  
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emi t te r  was successfully completed. 
of the various welds. 
apparent on the weld of the inner to the intermediate emi t te r  supports,  
but it should disappear in subsequent assemblies  as the resu l t  of fur ther  
dimensional adjustment of the parts.  The  only defect of this  assembly 
is a slight depression of 0. 0002j7 in the center of the emit ter  caused by 
jig p r e s s u r e  used to retain this piece during electron-beam welding. 
The j ig  p r e s s u r e  will be reduced in the future  to  avoid the defect. 
F igures  4 and 5 show the details  
A s  can be noted, a slight "scallopingIf is still 
The completed s t ructure  shown in  F igure  4 was subsequently 
thermally cycled by raising the hohlraum quickly t en  t imes  to  1780°C, 
The niobium flange tempera ture  was monitored with a chromel-alumel 
thermocouple, and it var ied over the range f r o m  500°C to 900°C in each 
cycle. The  warm-up t ime was 1 minute 10 seconds, and the cool-down 
time 3 minutes 30 seconds. After the thermal  cycles were  completed 
the s t ruc ture  was found to  have remained leak-tight and to  have main-  
tained flatness with no visual evidence of deterioration. It was agreed  
with the  JPLTechn ica l  Representative to  use this s t ruc ture  for  the fab- 
r icat ion of converter T-204. 
1 . 3  Fabrication of Converter T-204 
The design of converter T-204 included a number of modifications 
aimed pr imar i ly  a t  simplifying the converter  s t ruc ture  and its assembly 
procedure.  
of the principal changes is a reversa l  of the inner sea l  flange s o  that 
the flange reaches  to the r e a r  of the collector b a r r e l  ra ther  than forward. 
This  change allows a much more  favorable configuration for the palladium 
braze  of the flange to  the collector. 
electrode spacing which is estimated a s  follows: 
The design as approved by JPL is  shown in Figure  6. One 
It a l so  resu l t s  in a different inter-  
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Take  expansion cf an  0. 220;' Re structlrre 
to an average tempera ture  of 12OO0C: 
Add expansion of an  0. 40OFU Nb structure 
to  a n  average tempera ture  of 700°C: 
Subtract  expansion of a n  0. 62OFS Mo s t ruc ture  
to an average tempera ture  of 640°C:  
1. 85 mi ls  
2. 20 mi l s  
2. 30 mi ls  
Assuming that the spacing is ze ro  at room temperature ,  the operating 
spacing calculated is 1 .  75 mils. Other changes were  the elimination of 
the thermocouples a t  the collector base, the omission of grooves in  the 
collector b a r r e l  to  f i t  the radiator  fins, and a simplified ces ium r e s e r -  
voir  s t ruc ture .  
A subassembly with the palladium niobium-to-molybdenum braze  
of this  new configuration is shown in F igure  7. 
b raze  flow is obtained, and th ree  such subassemblies were  made  without 
any difficulty. The emi t te r  of T-204  was electropolished using a 350 ml 
alcohol, 175 ml perchlor ic  acid (60% concentration), 50 ml ethylene 
glycol monobutyl ether solution for 10 seconds at an applied potential 
of 23 volts and a current  of 3 .  5 amperes .  It was then thermally stabil ized 
a t  2 0 4 0 ° C  observed hohlraum temperature  for  2. 2 hours  in a vacuum of 
2 x 10 The collector was chemically etched using the s a m e  pro-  
cedure a s  that  of T-203B. 
chromium carbide,  and the cesium rese rvo i r  modifications of F igure  6 
were  not implemented. 
observed hohlraum temperature  of 17 5 0 " C ,  and a collector tempera ture  
of 6 9 6 ° C .  t o r r  in 
the hot and cold conditions. 
As can be seen, excellent 
- 6  
t o r r .  
The coating used on the radiator  fins was 
The converter was outgassed for  17 hours  a t  an 
-6 The final internal p re s su res  were  1. 0 and 0 . 6  x 10 
14 
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1 . 4  Emissivi ty  Measurement of Radiator Coatings 
A program was undertaken to evaluate the emissivity of various 
coating mater ia l s  fo r  the radiator  fins. 
a r e  chromium carbide,  zirconium carbide and chromium oxide. Two 
additional mater ia l s  will a l so  be tested. 
a measu red  amount of electron-bombardment heat to  wire-suspended 
radiator  fins, and measuring their  t empera ture  when they a r e  allowed 
t o  re - rad ia te  in the normal  vacuum-bell-jar environment. 
sur face  of each fin was  calculated to  be 34. 21 c m  , of which 6. 02 c m  
a r e  not coated. 
the heat  l o s s  of each fin should therefore  be cor re la ted  by the expression: 
The mater ia l s  tes ted to date 
The tests consisted of applying 
The total  
2 2 
Assuming an emissivity of 0. 2 for the uncoated a r e a s ,  
4 
g = (28.  19 E t 1. 20) U T  
In o rde r  to  single out the electron-bombardment filament radiation 
contribution to the heat input, the above expression is used to  measu re  
this contribution when the filament is operated at typical conditions 
without the application of an  accelerating voltage. 
correlated the above expression a r e  as follows: 
The values of E that  
Chromium carbide coating E = 0. 61 at  750°K 
Zirconium carbide coating E = 0. 61 at  750°K 
Chromium oxide coating E = 0. 98 at  710°K 
The relatively low value for  zirconium carbide may have been caused by 
insufficient coating thickness,  since the subs t ra te  could be seen  at spots 
through the coating. The relatively high value for  chromium oxide com- 
pared  with the usually reported range of 0. 8 5  - 0. 87 may have been the 
resu l t  of overestimating the bombardment power input. In a l l  likelihood, 
16 
a fract ion of the bombarding current bombarded ta rge ts  other than the 
fin on tes t .  
have the best  t he rma l  performance. 
F r o m  these resul ts ,  chromium oxide coating appears  to  
F r o m  a pract ical  point of view, 
the chromium carbide coating has  been found to have superior  adher-  
ence. It i s  felt that neither coating is the ultimate answer to  the con- 
i 
ver t e r  requirements .  The zirconium carbide coating is a l so  suspected 
of having poor mechanical qualities. 
1. 5 Per formance  of Converters  T -203B and T -204 
The data sheets and graphs at the end of the repor t  show the p e r -  
formance obtained f r o m  T-203B and T-204 following the t e s t  procedures  
outlined in JPL Engineering Note ADEN 342-005. 
I The relative collector work functions a r e  descr ibed by the output 
voltage a t  fixed operating conditions, for a selected output current .  The 
resu l t s  obtained s o  far in the program a r e  a s  follows: F o r  a n  output 
cur ren t  of 40 amperes  (16 A/cm ), emit ter  tempera ture  of 2000"K, 
r e se rvo i r  tempera ture  of 680°K and collector tempera tures  of 942 and 
!042"K, t h e  o u t p ~ t  voltages ot;ser-;ed a r e :  
2 
Initial F ina l  
Tc = 942°K 1042°K 942'K 1042°K 
I 
T-201 0. 76  0. 75 0. 70 0. 69 
T-202 0. 71 0. 69 0. 69 0. 63 
T-203B 0. 63 0. 65 0. 64 0. 64 
The values for  T-204 were  obtained at a lower emi t te r  tempera ture  of 
1976°K and were :  
T-204 - 0. 71 0. 62 0. 66 
I 17 
These  values should be increased by approximately 50 millivolts in 
o rde r  to  co r rec t  for  the lower emitter tempera ture  (the ignited branch 
of the optimized I -V character is t ics  shifts by about 200 millivolts for 
i an emi t te r  temperature  change from 2000°K to  1900°K). So f a r ,  these 
, 
relative measurements  have not correlated significantly with any of the 
I , 
I performance charac te r  i s  t ics  obs erved in the prototypes 
The reason  for the lower emitter tempera ture  achieved in con- 
I ver t e r  T-204 is that the emi t te r  temperature  drop is l a rge r ,  and in 
some instances the observed hohlraum tempera ture  was se t  to r ep ro -  
duce previously obtained values. F o r  the solid rhenium emit ter ,  the 
distance f r o m  the hohlraum to  the emi t te r  face is approximately 0. 045 
in. o r  0. 114 cm. 
be approximately (34. 6 + 1. 09 I) watts/cm 
emi t te r  temperature .  
t o  be 0. 24 watt/cm - "K at 2000°K ( see  p. 111-44 of J P L T a s k  IV Fina l  
Report  on Contract 95067 l ) ,  the calculated emi t te r  tempera ture  drop 
The  converter heat t r ans fe r  has  been calculated t o  
2 
I 
in t h e  vicinity of 2000°K 
I 
Assuming the thermal  conductivity of rhenium 
I 
1 
t 
fo r  a solid rhenium emit ter  i s  
AT = 20 + 0 .5  I, "C 
where  I is the output current  of the converter in amperes .  
expression is just  about twice the value previously observed in p r e s s u r e -  
bonded s t ruc tures  of tantalum and rhenium. 
The above 
In the optimized 144-hour run, the performance observed for  the 
s a m e  four converters  is as  follows: 
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Emi t t e r  Tempera ture ,  "K 
Output Voltage, V 
Output Current ,  amperes  
Re s e rvoir  T empe r ature  
Collector Temperature ,  "K 
Power  Input, watts 
Collector tempera ture  drop, "C 
" K 
T-201 
2000 
0. 60 
38. 0 
6 23 
1030 
302 
223 
T-202 
2000 
0. 80 
43 .4  
621 
1006 
297 
213 
T-203B 
2000 
0 .80  
39. 3 
6 14 
97 9 
299 
177 
T -204 
1974 
0.77 
41. 4 
618 
1074 
323 
260 
As may be noted in the above table, the collector tempera ture  of con- 
v e r t e r  T-204 was considerably higher than that previously achieved, 
and it was, in fact ,  not optimum. Part of the increase  in collector 
tempera ture  is due to  the l a rge r  amount of heat received by the con- 
v e r t e r  (which could be the  r e s u l t  of increased radiation heat t ransfer  
due t o  chemical etching of the collector surface) ,  and pa r t  is  due to  
the l ack  of direct  heat t ransfer  f r o m  the collector b a r r e l  to the radiator  
fins as a resu l t  of the design change of the collector b a r r e l  descr ibed 
in Section 1 3. 
drop will be avoided. 
v e r t e r  T-204 by connecting a water-cooled s t r a p  to  one of the radiator  
fins. The fully optimized I-V curves a t  2000°K show the following dif- 
fer ences in converter output current  (amperes  ) : 
In converter T-205 this  source  of collector tempera ture  
Fully optimized performance was obtained in con- 
T-201 T-202 T-203B T-204 
0. 8 v 28, 3 43. 5 40. 0 45. 3 
1. 0 v 20. 8 14.. 2 23. 2 26. 0 
1. 2 v 14. 6 10. o* 18. 1 18. 5 
* 
* 
The collector tempera ture  of these runs was too high (1. 75 t imes  the 
r e se rvo i r  tempera ture  instead of 1. 60). 
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The  steady-state performance achieved with the various prototypes at  an 
output voltage of 1 volt, with no heat applied to  control collector tempera-  
tu re ,  is as follows: 
Prototype: 
H ohlraum Tempera ture ,  " C 
Output Current,  amperes  
Reservoi r  Tempera ture ,  O K  
Collector Tempera ture ,  "K 
Radiator Tempera ture ,  "K 
Collector Tempera ture  Drop, 
Power Input, watts 
Overal l  Efficiency, 7'0 
" C  
TE-103 
1723 
32. 5 
614 
1015 
- 
- 
282 
11. 5 
T-201 
1700 
14. 8 
602  
886 
737 
149 
220 
6. 7 
T-202 T-203B 
1700 1700 
12. 3 17. 6 
592 6 14 
8 52 865 
7 20 739 
132 126 
202 226 
6.  1 7.  8 
T-204 
1724 
29. 0 
6 14 
1002 
802 
200 
292 
9. 9 
The  ces ium conduction heat t ransfer  of prototypes T-203B and T-204 was 
measu red  to  infer interelectrode spacing. The measurements  a r e  made 
at  varying cesium p res su res ,  a t  an emit ter  tempera ture  of 2000°K and a 
collector tempera ture  of 900°K. Assuming an effective a r e a  for  cesium 
conduction 10% in  excess  of the 2. 50 c m  interelectrode a r e a ,  the  com- 
puted var ia t ion of ces ium conduction with ces ium rese rvo i r  tempera ture  
is given in Figure 8 for  various interelectrode spacings. The data plotted 
in this  figure, obtained f r o m  the two converters ,  shows that the interelec- 
t rode spacing of converter T-203B was approximately 1. 25 mi ls ,  and that 
of converter T-204 was 1, 65 mils. This  la t te r  value ag rees  well  with the 
calculated T-204 interelelectrode spacing of 1.75 mils. 
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